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(FRET) measurements we have determined the role of the H3 and H4 histone tails, independently, in
stabilizing the nucleosome DNA terminal ends from unwrapping from the nucleosome core. We have
performed solution scattering experiments on recombinant wild-type, H3 and H4 tail-removed mutants and
fit all scattering data with predictions from PDB models and compared these experiments to complementary
DNA-end FRET experiments. Based on these combined SAXS and FRET studies, we find that while all
nucleosomes exhibited DNA unwrapping, the extent of this unwrapping is increased for nucleosomes with
the H3 tails removed but, surprisingly, decreased in nucleosomes with the H4 tails removed. Studies of salt
concentration effects show a minimum amount of DNA unwrapping for all complexes around 50-100mM of
monovalent ions. These data exhibit opposite roles for the positively-charged nucleosome tails, with the
ability to decrease access (in the case of the H3 histone) or increase access (in the case of the H4 histone) to
the DNA surrounding the nucleosome. In the range of salt concentrations studied (0-200mM KCl), the data
point to the H4 tail-removed mutant at physiological (50-100mM) monovalent salt concentration as the
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Introduction
In recent years, research investigating the problem of
chromatin structure has increased dramatically. This is in a
large part due to the important link between chromatin structure
and epigenetics [1,2]. Early chromatin studies concentrated on
the varying levels of density of genomic material within the
nucleus which creates hetero- and euchromatin. This led to the
discovery that a change between these densely-packed and
less densely-packed phases could be brought about by
changes in ion composition or in composition of the histone
tails with the eventual conclusion that the physics of this
process could largely be attributed to packaging of the
nucleosome core particle [3].
One major focus of chromatin research since has
concentrated on this DNA packing at the nucleosome level
(see [4,5] for recent reviews). The canonical nucleosome
consists of 147 base pairs of DNA wrapped around an
octameric histone core of four proteins (H2A, H2B, H3, and
H4). These proteins contain positively-charged, flexible tails
that protrude from the core either through (in the case of H2B
and H3) or around (in the case of H2A and H4) the DNA [6,7].
This structure, called the nucleosome core particle (NCP), is
then connected to other NCPs through varying lengths of
“linker” DNA. Driven by increasingly refined structures of the
nucleosome [7–9] and nucleosome arrays [10], the question of
the packing of nucleosomes into the 30nm fiber (or
nucleosome condensation) and other higher-order structures
has attracted some of the most active research and debate
[11].
At the heart of these questions is the method through which
cellular machinery gains access to the genetic content that is
stored in the DNA around nucleosomes. Regardless of the
state of packing of the nucleosome, this machinery must gain
access to the DNA wrapped around the nucleosomes. Recent
studies have shown that there are many possible mechanisms
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for accessing this DNA [4] including partial or complete
nucleosome disassembly [12,13], nucleosome sliding [14], and
partial DNA unwrapping [15–18].
The many studies on DNA unwrapping in the nucleosome
show it to be a complex and highly tunable effect. Previous
studies have shown that the process can be affected by DNA
sequence [19–22] or methylation of the DNA [23,24], complete
histone tail removal or acetylation [22,25,26] or removal or
acetylation of both the H3 and H4 tails [26,27]. FRET studies
have further explored the consequence of the acetylation of the
H3 or H4 tails removed separately [28–30] and with H2A and
H2B tails removed [31]. Similar studies have investigated the
role of the surrounding buffer conditions [17,22,25,28,32] on
DNA unwrapping.
In this paper, we study the solution structure of recombinant
nucleosome core particles in their wild-type form as well as
with part of the H3 or H4 tails removed individually. We use a
combination of SAXS, a global structure measurement, and
DNA-end-labeled FRET, a local measurement, to determine
the prevalence and extent of DNA unwrapping in all NCP
constructs under a variety of ion conditions, and therefore infer
the role of the histone tails and ion concentration in stabilizing
the NCPs. These combined SAXS and FRET measurements
demonstrate that while all NCPs measured exhibit DNA
unwrapping, the extent of this unwrapping is strongly
dependent on the histone tails of histones H3 and H4 and on
the monovalent salt concentration. These data should be
instrumental in understanding the physical processes behind
the complex interplay between histone tail modifications and
the various pathways through which cellular machinery gains
access to genetic material.
Methods
Sample Preparation
Nucleosomes were prepared in vitro by mixing 147bp DNA
fragments containing the Mouse Mammary Tumor Virus
(MMTV) DNA sequence (see Materials S1 for sequence) and
recombinant histone octamers.
The 147bp MMTV DNA fragments were expressed in E.coli
cells (TOP10) and purified as described by Dyer et. al. [33].
The fluorescently-labeled DNA fragments were prepared by
PCR amplification using Fluorescein (FAM) and/or
Tetramethylrhodamine (TAMRA) labeled primers (IDT DNA,
Coralville, IA). DNA fragments labeled at their 5’ ends with
FAM (donor-only label) or with FAM and TAMRA (donor-
acceptor labeled) were prepared. The PCR products were
purified by HPLC ion exchange (TSK-DEAE-5PW, Tosho
Bioscience, King of Prussia, PA). The fluorescence labeling
efficiency of TAMRA to the DNA was assessed by absorption
spectroscopy and was found to be 99% [24].
Recombinant histone proteins H2A, H2B, H3 and H4 from
Xenopus laevis were individually expressed in E.coli cells
(BL21 cells) and purified by HPLC gel permeation
chromatography (Sephacryl S-200HR, GE, Uppsala, Sweden)
and HPLC ion exchange chromatography (Resource-S, GE,
Uppsala, Sweden) as described by Luger et. al. [34]. In
addition to the native histone proteins (referred to as wild-type
or WT), we also expressed the H3 and H4 histone proteins
truncated at their N-terminal ends (referred to as gH3 and gH4,
respectively). The gH3 and gH4 histones were obtained by
deleting the coding sequences of amino acids 1-27 for H3 and
1-10 for H4 by site-directed mutagenesis.
The histone octamers were refolded by mixing all four
histone proteins, i.e. H2A, H2B, H3 (or gH3) and H4 (or gH4),
at stoichiometric ratios and successive dialysis against
refolding buffer (2M NaCl, 10mM Tris pH 7.5, 1mM EDTA and
5mM 2-mercaptoethanol). The refolded histone octamers, i.e.
WT, gH3 and gH4, were purified by HPLC gel permeation
chromatography (Superdex 200, GE, Uppsala, Sweden). The
quality of the refolded histone octamers were verified using
SDS-polyacrylamide gel electrophoresis (Figure S1 in Materials
S1).
Nucleosomes were reconstituted by mixing either
fluorescently labeled DNA or unlabeled DNA with the refolded
octamers using a KCl gradient (from 1.4M KCl to 10mM KCl).
All NCP stocks were extensively dialyzed against TEK buffer
(10 mM KCl, 10 mM Tris, 0.1 mM EDTA). The quality of the
nucleosomes was assessed by 5% polyacrylamide gel
(0.25xTBE buffer) as shown in Figure S2 in Materials S1.
FRET Measurements
Time-resolved lifetime spectroscopy.  Fluorescent
measurements and analysis were performed as described in
[24]. Briefly, fluorescence decay curves of donor and donor-
acceptor labeled nucleosomes were collected using a
ChronosBH fluorescence lifetime spectrophotometer (ISS,
Champlain, IL) with a 445nm, 20MHz laser pulse. Nucleosome
concentration was kept above 1 μM (0.2 mg/mL) by titrating in
unlabeled NCPs to prevent nucleosome dissociation [35]. An
emission filter (505-545nm) was used to collect only the
fluorescence emission from the donor dye. All emission spectra
were collected at the magic angle (54.7°). Typical fluorescence
decay curves from donor and donor-acceptor labeled samples
are presented in Figures S7-9 in Materials S1.
All fluorescence decay curves were analyzed using VINCI
Fluorescence Spectroscopy Analysis Software (ISS,
Champlain, IL). The fluorescence intensity curves were fitted
with a multi-exponential model I t =∑i=1n αiexp − t / τi  where I(t)
is the fluorescence intensity at different times, αi, is the initial
fluorescence intensity at t = 0, n is the number of fluorescent
species and τi is the fluorescent lifetime (or decay time) of the
ith species. The number of decay times used to fit the data was
determined by the goodness of fit. The goodness of fit was
evaluated using the chi squared value (χ2) and the residuals
plot. The donor-only labeled samples were better fit with a one
exponential model (n=1) while the donor-acceptor labeled
samples were consistently better fit with a two exponential
model (n=2). The fitting parameters and the goodness of fit of
typical donor and donor-acceptor labeled samples are
presented in [24] and Figures S7-9 in Materials S1.
The average lifetime of FAM in the donor-acceptor labeled
samples was calculated as the weighted average of the
individual lifetimes, τi, as follows:τda,ave=∑i=1n αiτi. The average
Energy Transfer Efficiency (E) was calculated using the
SAXS/FRET of NCP: Stability Effects of H3/H4 Tails
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average lifetime of the donor-acceptor labeled samples (τda,ave)
and the lifetime of the donor labeled samples (τd) as follow
E=1−τda,ave / τd, where τd is the lifetime of donor labeled
nucleosome. The lifetime of donor labeled samples remained
virtually unchanged in the studied salt concentration range, as
shown in Figure S10 in Materials S1.
SAXS Measurements
Data collection and processing.  SAXS data were
collected at the G-line station at the Cornell High Energy
Synchrotron Source (CHESS). The beam had an energy of
9.97keV and a size of 250x250μm. Samples of [NCP] of
approximately 12.5 μM (2.5 mg/ml) and 30μl were inserted into
a capillary and oscillated to avoid beam damage. The same
capillary was used for buffer and sample measurements to
eliminate effects from the capillary. Aggregation was controlled
through short exposures; signals were monitored for time-
dependent aggregation. Rg profiles showed a linear Guinier
region with Rg similar to those previously reported [19,27]. The
samples were absolutely calibrated using scattering from a
water sample and normalized by the radiation incident on the
beam stop. Six to eight two-second exposures, each, for the
buffers and samples were averaged and subtracted to create
the final SAXS profile I(q), whereq=4πsin θ / λ, 2θ is the
scattering angle, and λ is the x-ray wavelength. For sample-to-
sample comparison, signals were matched at q = 0.04-0.08 Å-1
to control for slight differences in concentration; this region is
known to be free of interparticle interference [36]. Analysis was
done using RAW [37] and in-house MATLAB (The MathWorks,
Natick, MA) functions.
CRYSOL modeling.  All theoretical scattering work was
done using the ATSAS package [38]. Theoretical scattering
predictions and the fits to these predictions were performed
using CRYSOL [39]. Data were fit from a q of 0.03-0.3 Å-1 with
default options and background subtraction. Nucleosome
models with fully-wrapped or partially unwrapped DNA were
made for both extended and folded tails using Viewer Lite and
Discovery Studio (Accelrys, San Diego, CA). DNA unwrapping
of the nucleosomes was modeled by replacing a number of
nucleosomal DNA (between 3 and 35 bp) with B-DNA of the
same sequence. The amount of DNA unwrapping is reported
by the number of basepairs that have been converted from
nucleosome structure DNA to B-DNA. The effect of this
removal on the scattering signal can be seen in Figure S4 in
Materials S1.
Tails were removed using a text editor; all structures were
identical across constructs (WT, gH3, gH4) except for changes
in respective tail lengths as indicated in the sample preparation
section.
Results
SAXS data were taken on all nucleosomes and the
scattering data were compared to theoretical scattering
predictions from CRYSOL on the 1kx5 crystal structure [7]
(modified to remove tails where appropriate). To obtain the
best fit to the data, multiple nucleosome models were made for
each construct. The 1kx5 structure was first modified to have
either extended or folded tails. Then structures were created
with the DNA ends unmodified or with the DNA ends partially
dissociated from the nucleosome. The nucleosome models
contained from 0 to 35 basepairs of DNA converted from the
reported crystal structure positions to those conforming to the
canonical B-DNA structure. Finally, the tails were modified to
match the measured construct (WT, gH3, or gH4). These
structures were used to fit the measured scattering data and
CRYSOL χ values were compared to assess the quality of the
fit.
It was found that the scattering predictions from models
without a partially-unwrapped DNA end could not be made to fit
the x-ray scattering signal of any of the constructs. The gH3
construct is shown as it displays the largest deviation from
crystal structures with the DNA completely wrapped (Figure 1).
In particular, a local minimum was found in the scattering
profile at q≈0.14 Å-1 that was not seen in the CRYSOL
predictions of the scattering profile from the nucleosomes
without unwrapped DNA. This feature has been seen in
previous SAXS studies of nucleosome core particles and has
been shown to be a consequence of DNA unwrapping [19,27].
In concordance with these studies, it was found that varying the
amount of DNA unwrapping in the crystal structure caused the
minimum to become shallower with more DNA unwrapping and
to become deeper with less unwrapping (with the deepest
minimum occurring in the original, fully-wrapped crystal
structure). The best fit to the data was found by unwrapping
~20bp of one end of the DNA from the nucleosome (Figure
1A). Theoretical scattering plots from structures with both DNA
ends unwrapped consistently showed worse or equivalent fits
to the SAXS data. This result is in agreement with pulling
experiments showing differential binding of non-palindromic
DNA sequences to the nucleosome [40]. While it is possible to
observe the effects of DNA dissociation through Rg or Dmax
analysis, these analyses are both measurements of the total
dimensions of the particle and therefore could possibly be
reporting on either tail extension or DNA unwrapping [25,27]. In
contrast, we find that extending or folding the histone tails
produced minimal differences when fitting the data to CRYSOL
predictions to the minimum at q=0.14 Å-1 (Figures 1B; S3, and
S11 in Materials S1), confirming that this minimum at q=0.14
Å-1 is a specific reporter on the amount of DNA unwrapping in
the nucleosome. This allows us to use the depth of this
minimum to determine the extent of DNA unwrapping in
nucleosomes: The deeper the minimum, the closer the
nucleosome’s conformation is to the fully-wrapped DNA crystal
structure.
Using this reporter of DNA unwrapping, we looked at wild-
type nucleosomes and gH3 and gH4 mutants under lower salt
(40 mM KCl) and higher salt (200 mM KCl) conditions. This
analysis is shown in Figure 2. Two effects are immediately
apparent. First, the amount of DNA unwrapping is different for
each NCP construct. At 40 mM KCl, the minimum of the gH3
nucleosome is significantly shallower than the recombinant
wild-type (WT). This indicates that the gH3 nucleosome shows
greater DNA unwrapping when compared to the wild-type. This
effect has been shown in other work [28,29]. This enhanced
DNA unwrapping compared to the wild-type due to the removal
SAXS/FRET of NCP: Stability Effects of H3/H4 Tails
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of the H3 tails is also seen in the 200 mM KCl SAXS data,
again through a shallower minimum at q=0.14 Å-1.
At 40 mM KCl the minimum at q=0.14 Å-1 is slightly deeper
for the gH4 complex when compared to the wild-type. While
this could indicate that the DNA in the gH4 nucleosome
exhibits reduced unwrapping compared to the wild-type, the
difference is minimal; a more detailed analysis of the SAXS
data at this salt concentration (below) was unable to confirm
this difference. At the higher salt concentration of 200 mM KCl,
the gH4 and wild-type signals are identical, indicating that the
amount of unwrapping in these complexes is indistinguishable
by SAXS.
The SAXS data has additional information contained in the
regions outside of the q=0.14 Å-1 region. The data were further
analyzed by fitting constructs with different amounts of DNA
unwrapping to the SAXS data (Table 1; S4 and S6 in Materials
S1). The observations confirm much of what is seen in the
above analysis. At [KCl]=40 mM, the WT and gH4 constructs
show minimal amounts of DNA unwrapping (~10bp) while the
gH3 data is best fit by a construct with 25bp of one DNA end
unwrapped (Table 1). When the salt concentration is increased
to [KCl]=200 mM, the gH3 and gH4 data are still best fit by the
25pb and 10bp models, respectively, while the WT data is now
better fit by a 20bp unwrapped model.
It should be noted, however, that there is some indication in
the data that the fits at [KCl]=200 mM point to a combination of
states, especially in the case of the gH4 and WT constructs
(Figure S6 in Materials S1). The CRYSOL fits for these data
show two minima in the χ2 values as a function of number of
basepairs unwrapped. One minimum is for the 10bp
unwrapping (as seen in the 40 mM data) while the second
minimum in both the gH4 and WT constructs is seen at 20bp
unwrapping. The data suggests that both gH4 and WT SAXS
profiles contain signatures that are indicative of both 10bp and
20bp unwrapping and that the features of the 20bp unwrapping
dominate the CRYSOL fit in the WT data.
The gH4 complex was further studied to determine the
conformation with the least amount of DNA unwrapping (Figure
3). As in the studies of the various constructs, it was found that
there were two local minima of χ2 (a maximum in goodness of
fit) at all salt concentrations; one existed at ~10bp unwrapped,
the other at ~20bp. The data is best fit (has a global minimum
in χ2) by the 20bp unwrapped construct at 10mM KCl but is
best fit to the 10bp unwrapped structure at 40mM and 100mM
Figure 1.  SAXS profile of gH3 nucleosome core particle at 10mM KCl compared to CRYSOL scattering predictions.  In (A)
we show the comparison between SAXS data for the gH3 nucleosome core particle (NCP) (dots) and CRYSOL predictions with
folded tails and no DNA unwrapping (dashed, χ=7.6) or with ~20 bp of DNA unwrapped from one end of the nucleosome (solid,
χ=4.7). The minima in the scattering prediction at approximately q=0.14 Å-1 for the NCP without unwrapping is deeper than the
prediction for the NCP with unwrapping or the measured scattering profile. This shows that the data can only be described by the
structure with the unwrapped DNA ends. In (B) we show the comparison between the CRYSOL predictions with DNA unwrapped
and tails folded (solid, χ=4.7) or extended (dashed, χ=4.6). The differences between these signals are undetectable; both match the
data (dots) comparably. Similarly, the differences between tail-extended and tail-folded models with the DNA fully wrapped are small
(Figure S3 in Materials S1).
doi: 10.1371/journal.pone.0078587.g001
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KCl. At 200mM KCl, the data is equally well described by the
10bp and 20bp constructs.
To complement these SAXS data investigating the DNA
unwrapping, DNA end-labeled FRET was used. FRET labels
were attached to both DNA ends and the FRET efficiencies
were measured. The energy transfer efficiency increases as
the DNA ends move more closely together and decreases as
the DNA ends separate. The FRET measurements of the WT,
gH3, and gH4 complexes were measured as a function of
monovalent salt (KCl) from 10mM to 230mM.
As is seen in Figure 4, there is initially a slight increase in all
signals as we increase the monovalent salt from 10mM to
100mM. This corresponds to the DNA ends getting closer
together and is interpreted as the DNA ends adhering more
closely to the histone core. As the salt was increased past
~100mM, this trend is reversed as the FRET signal decreases
indicating an increase in the unwrapping of the DNA ends.
These results point to a minimum in DNA unwrapping (or a
maximum of nucleosome stability) between 50mM and 100mM
for all constructs. The closer adherence of the DNA ends when
approaching 100mM has been reported previously in [28], but
this study was unable to investigate past 80mM monovalent ion
due to the dissociation of the nucleosomes attributed to the low
concentration of their experiments.
A second feature of Figure 4 is the relative amounts of
unwrapping of the various nucleosome mutants. Similar to the
SAXS data, the gH3 shows consistently more unwrapping than
the WT or gH4 complex.
Also as in the SAXS data, the gH4 complex shows less DNA
unwrapping than the wild-type. However, the increased
sensitivity of the FRET technique shows that the gH4 complex
exhibits less DNA unwrapping at all KCl concentrations
explored in this study. Of all of the constructs and salt
concentrations studied, it was found that the gH4 construct at
Table 1. Test of different amounts of DNA unwrapping for
each NCP construct.
 [KCl]=40 mM [KCl]=200 mM
Construct bp Unwrap χ2 bp Unwrap χ2
WT 10 3.5 20 2.7
gH4 10 4.6 10 3.3
gH3 25 4.7 25 4.8
Number of basepairs (bp) unwrapped in theoretical models that best fit SAXS data
using CRYSOL predictions and corresponding chi-squared values. The gH3
construct is always significantly more unwrapped, while the wild-type and gH4
constructs are only distinguishable at higher salt concentrations. It should be noted
that at the high salt concentrations the gH4 construct fit a 20 basepair unwrapped
model almost as well as the 10 basepair model (see Materials S1).
doi: 10.1371/journal.pone.0078587.t001
Figure 2.  SAXS profiles of all wild-type, gH3, and gH4 nucleosomes at two salt concentrations.  SAXS signals of the wild-
type (black), gH3 (red), and gH4 (blue) constructs in 40 mM (A) and 200 mM (B) KCl are shown. The lower minima at q=0.14 Å-1
indicates less DNA unwrapping (see Figure 1). Note that in the 40 mM KCl signal, the signals are arranged in order of increasing
DNA unwrapping from gH4 to WT to gH3; however the differences between gH4 and WT are minimal. For the 200 mM KCl SAXS
data, the WT and gH4 constructs are indistinguishable at q=0.14 Å-1 within the noise of the SAXS signal, while the gH3 shows
significant DNA unwrapping in comparison. These results were independent of signal matching region (Figure S5 in Materials S1).
doi: 10.1371/journal.pone.0078587.g002
SAXS/FRET of NCP: Stability Effects of H3/H4 Tails
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approximately 50-100mM [KCl] represented the nucleosome
with the least amount of DNA unwrapping.
Discussion
The combination of the two techniques used in this study can
give us important complementary structural information. FRET
is a local structure technique that reports on the relative
distance between the two FRET labels. When combined with
the SAXS measurements that report global structure, we can
correlate the measured structural changes at local and global
scales and provide an accurate measure of the conformational
change of a mononucleosome, and in this case quantify the
effects of DNA unwrapping.
Figure 3.  Goodness of fit between gH4 data at multiple salt concentrations and CRYSOL predictions of DNA-unwrapped
nucleosomes.  Chi-squared value (goodness of fit) between CRYSOL predicted scattering and SAXS data for the gH4 construct at
[KCl]=10mM (circles), 40mM (squares), 100mM (triangles), and 200mM (diamons) with various amounts of DNA basepairs
unwrapped. For all salt concentrations, there appears to be two local minima in χ2, one at 10bp unwrapped and one at 20bp
unwrapped. The global minimum (best fit) changes from the 20bp unwrapped construct at [KCl]=10mM to the 10bp unwrapped
construct at [KCl]=40mM and 100mM. At [KCl]=200mM, there is again a strong shift towards the 10bp unwrapped construct; the
10bp and 20bp χ2 minimum are approximately the same.
doi: 10.1371/journal.pone.0078587.g003
SAXS/FRET of NCP: Stability Effects of H3/H4 Tails
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The strengths of each technique can be seen in the above
results. FRET, with its strong sensitivity to inter-dye distances,
can easily distinguish the DNA unwrapping of the various
constructs from each other and monitor the subtle effects of
changes in salt concentration. The SAXS data, while less
sensitive, can give more detailed structural information. In the
case of this data, it reveals that the data seems to be revealing
two distinct populations of nucleosome (of ~10bp and ~20bp
DNA unwrapped nucleosomes) and that the change in the
relative amounts of these populations seems to be what
determines the resulting apparent total unwrapping. This is
consistent with previous work done by the authors investigating
the ratio of FRET populations in time-resolved experiments
[24].
The most striking result from these combined measurements
are found in Figures 2 and 4 and Table 1. While the removal of
the H3 tail causes a drastic increase in the measured DNA
unwrapping of the NCP complex, the removal of the H4 tail has
no effect on the SAXS data and actually shows a decrease in
the unwrapping of the DNA in the FRET data. Interestingly,
Bertin et al. performed SAXS studies on nucleosomes that had
both the H3 and H4 tails removed [27] as well as all tails
removed [25]. They found in both studies that the removal of
tails led the nucleosomes to adopt a more open form, with the
DNA ends detached from the nucleosome core. This seems to
indicate that the DNA unwrapping effect of the H3 tail removal
is dominant over the effects of the removal of the H4 tail.
There are two likely mechanisms for the destabilization of the
NCP complex due to the H3 tail removal. These include steric
Figure 4.  Plot of average energy transfer efficiency between the two end-labeled DNA in the nucleosome versus salt
concentration.  Plot of average energy transfer efficiency (or FRET signal) between the two fluorescently labeled DNA ends in the
nucleosome versus salt concentration for the wild-type (circles), gH3 (squares), and gH4 (triangles) constructs; the standard error is
plotted and is seen to be approximately the size of the symbols. A larger transfer efficiency indicates a shorter distance between the
DNA ends. The data show a minimum distance (maximum FRET) for all constructs between 50 and 100mM KCl indicating a
minimum in the DNA unwrapping in this vicinity. The data also show an increase in end-to-end DNA distance in the gH3
nucleosomes (decreased FRET) compared to the wild-type indicating great DNA unwrapping with the removal of the H3 tails. The
gH4 nucleosomes, meanwhile, shows decreased end-to-end DNA distance (increased FRET) compared to the wild-type
nucleosomes, indicating a stabilization of the nucleosome through removal of the H4 tails. These data agree well with the SAXS
analyses (within error of the larger SAXS uncertainties) in Figure 2 and Table 1.
doi: 10.1371/journal.pone.0078587.g004
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hindrance of the tail and electrostatic effects. The former would
need to include a mechanism where the H3 tail, which
protrudes between the DNA, acts as a “close pin” to somehow
trap the DNA against the histone. Recent theoretical work has
pointed to the possibility of steric effects in H3 tail-DNA
interactions [41], however their work suggested a destabilizing
effect of the H3 tail, exactly the opposite as seen in our data.
The agreement between our results and previous experiments
on the acetylation of the H3 tails [28] (rather than this work’s
truncating of the tails), seems to indicate an electrostatic rather
than steric effect.
The more intriguing result is the stabilization of the DNA
ends when the H4 tails are removed as seen through the FRET
experiments. This indicates a direct or indirect destabilizing
interaction between the H4 tail and the nucleosomal DNA. A
similar DNA-stabilizing effect for acetylated H4 tails (rather than
tail-removed H4 histones) previously measured seems to
indicate an electrostatic mechanism [28]. However, the
acetylated H4 tails only showed this effect for long linker DNA
lengths (DNA length >223 bp). The interpretation of the
mechanism is further complicated by the shortening effect on
the H4 tails due to increased alpha helicity after acetylation and
the lower nucleosome concentrations used for these
experiments [42]. It is known that the H4 tail interacts with an
acidic patch in histone H2A which seems to have effects on the
DNA unwrapping by modifying direct H2A-DNA interactions
[43], although whether our slight shortening of the H4 tail would
enhance or diminish this interaction is unclear. Direct,
destabilizing contacts between the H4 tails and DNA can also
not be ruled out. Finally, the fact that this stabilizing effect is
seen only in the FRET measurements could either be a
difference in sensitivities of these techniques, or indicate a
difference in the dynamic behavior of the gH4 and WT
complexes that is measurable by FRET but absent in bulk
measurements like x-ray scattering. Further experiments
looking at various amounts of H4 shortening and DNA linker
lengths are needed to clarify the mechanism through which the
shortening of the H4 tail might induce this more stable DNA
wrapping.
Finally, the DNA positioning sequence used cannot be
ignored. Much of the previous work looking at the effects of tail
removal on nucleosome stability and DNA unwrapping has
concentrated on the strongly positioning 601 sequence.
Nucleosomes made with this strongly binding DNA sequence
are expected to show reduced unwrapping when compared to
more loosely binding biological sequences, as has been shown
in studies that compare the DNA unwrapping around
nucleosomes for various sequences of DNA [19,20,22,44].
Future experiments that investigate DNA sequence and H3 or
H4 tail removal simultaneously should be interesting in
separating the effect of these two strong contributors to the
DNA wrapping of the nucleosome core particle.
In conclusion, we have measured the SAXS profiles for
recombinant wild-type, gH3, and gH4 nucleosome core
particles. We found that these data can only be described by
the unwrapping of the DNA ends and that the data are likely
reporting on two distinct populations of DNA unwrapped
nucleosomes of approximately 10 and 20 bp of unwrapping.
Furthermore, we found, through the SAXS measurements
combined with FRET measurements, that the removal of the
H3 tails destabilizes the core particle, causing increased DNA
unwrapping, while the removal of the H4 tails likely has the
opposite effect and actually causes the DNA to become more
strongly associated with the histone octamer. While these
differences remained regardless of monovalent salt
concentration, we found that the DNA end unwrapping could be
suppressed or enhanced by changes in monovalent salt with a
maximum in the DNA wrapping of the NCP at ~50-100mM KCl.
As changes to the wrapping of the DNA around the
nucleosome by histone tails is intimately related to the
accessibility of genetic information, these findings should be
vital in determining the role of nucleosomes in epigenetic
regulation of the cell.
Supporting Information
Materials S1.  The supplementary materials file contains
the DNA sequence used and 11 supplementary figures as
mentioned in the text.(DOC)
Acknowledgements
The authors thank Arthur Woll, Richard Gillian, Soren Nielsen,
and Qi Xia for assistance with experiment. C.Y. acknowledges
Prof. Timothy Richmond (ETH, Zurich) for generously providing
us the plasmids of histone proteins and MMTV DNA.
Author Contributions
Conceived and designed the experiments: KA CY XQ IJU
SCH. Performed the experiments: KA IJU XQ SCH CY.
Analyzed the data: KA IJU XQ CY SCH. Contributed reagents/
materials/analysis tools: IJU CY SCH XQ KA. Wrote the
manuscript: KA IJU SCH XQ CY.
References
1. Wolffe A (1992) Chromatin: Structure and Function. London: Academic
Press. 213 pp.
2. Li G, Reinberg D (2011) Chromatin higher-order structures and gene
regulation. Curr Opin Genet Dev 21: 175–186. doi:10.1016/j.gde.
2011.01.022. PubMed: 21342762.
3. Schwarz PM, Felthauser A, Fletcher TM, Hansen JC (1996) Reversible
oligonucleosome self-association:  Dependence on divalent cations and
core histone tail domains. Biochemistry 35: 4009–4015. doi:10.1021/
bi9525684. PubMed: 8672434.
4. Andrews AJ, Luger K (2011) Nucleosome structure(s) and stability:
variations on a theme. Annu Rev Biophys 40: 99–117. doi:10.1146/
annurev-biophys-042910-155329. PubMed: 21332355.
5. Tan S, Davey CA (2011) Nucleosome structural studies. Curr Opin
Struct BiolCurrent Opinion in Structural Biology 21: 128–13616/j.sbi.
2010.11.006
6. Zheng C, Hayes JJ (2003) Structures and interactions of the core
histone tail domains. Biopolymers 68: 539–546. doi:10.1002/bip.10303.
PubMed: 12666178.
7. Davey CA, Sargent DF, Luger K, Maeder AW, Richmond TJ (2002)
Solvent mediated interactions in the structure of the nucleosome core
SAXS/FRET of NCP: Stability Effects of H3/H4 Tails
PLOS ONE | www.plosone.org 8 November 2013 | Volume 8 | Issue 11 | e78587
particle at 1.9 Å resolution. J Mol Biol 319: 1097–111316/
S0022-2836(02)00386-8
8. Richmond TJ, Finch JT, Rushton B, Rhodes D, Klug A et al. (1984)
Structure of the nucleosome core particle at 7 Å resolution. Nature 311:
532–537. doi:10.1038/311532a0. PubMed: 6482966.
9. Luger K, Mäder AW, Richmond RK, Sargent DF, Richmond TJ (1997)
Crystal structure of the nucleosome core particle at 2.8 Å resolution.
Nature 389: 251–260. doi:10.1038/38444. PubMed: 9305837.
10. Schalch T, Duda S, Sargent DF, Richmond TJ (2005) X-ray structure of
a tetranucleosome and its implications for the chromatin fibre. Nature
436: 138–141. doi:10.1038/nature03686. PubMed: 16001076.
11. Schlick T, Hayes J, Grigoryev S (2012) Toward convergence of
experimental studies and theoretical modeling of the chromatin fiber. J
Biol Chem 287: 5183–5191. doi:10.1074/jbc.R111.305763. PubMed:
22157002.
12. Böhm V, Hieb AR, Andrews AJ, Gansen A, Rocker A et al. (2011)
Nucleosome accessibility governed by the dimer/tetramer interface.
Nucleic Acids Res 39: 3093–102. doi:10.1093/nar/gkq1279. PubMed:
21177647.
13. Park Y-J, Dyer PN, Tremethick DJ, Luger K (2004) A new fluorescence
resonance energy transfer approach demonstrates that the histone
variant H2AZ stabilizes the histone octamer within the nucleosome. J
Biol Chem 279: 24274–24282. doi:10.1074/jbc.M313152200. PubMed:
15020582.
14. Bowman GD (2010) Mechanisms of ATP-dependent nucleosome
sliding. Curr Opin Struct Biol 20: 73–81. doi:10.1016/j.sbi.2009.12.002.
PubMed: 20060707.
15. Li G, Widom J (2004) Nucleosomes facilitate their own invasion. Nat
Struct Mol Biol 11: 763–769. doi:10.1038/nsmb801. PubMed:
15258568.
16. Li G, Levitus M, Bustamante C, Widom J (2005) Rapid spontaneous
accessibility of nucleosomal. DNA - Nat Struct Mol Biol 12: 46–53. doi:
10.1038/nsmb869.
17. Koopmans WJA, Buning R, Schmidt T, J van Noort (2009) spFRET
using alternating excitation and FCS reveals progressive DNA
unwrapping in nucleosomes. Biophys J 97: 195–204. doi:10.1016/j.bpj.
2009.04.030. PubMed: 19580757.
18. Buning R, van Noort J (2010) Single-pair FRET experiments on
nucleosome conformational dynamics. Biochimie 92: 1729–1740. doi:
10.1016/j.biochi.2010.08.010. PubMed: 20800089.
19. Yang C, van der Woerd MJ, Muthurajan UM, Hansen JC, Luger K
(2011) Biophysical analysis and small-angle X-ray scattering-derived
structures of MeCP2-nucleosome complexes. Nucleic Acids Res 39:
4122–4135. doi:10.1093/nar/gkr005. PubMed: 21278419.
20. Kelbauskas L, Woodbury N, Lohr D (2009) DNA sequence-dependent
variation in nucleosome structure, stability, and dynamics detected by a
FRET-based analysis. Biochem Cell Biol 87: 323–335. doi:10.1139/
O08-126. PubMed: 19234544.
21. Widlund HR, Vitolo JM, Thiriet C, Hayes JJ (2000) DNA sequence-
dependent contributions of core histone tails to nucleosome stability:
Differential effects of acetylation and proteolytic tail removal.
Biochemistry 39: 3835–3841. doi:10.1021/bi991957l. PubMed:
10736184.
22. Gansen A, Tóth K, Schwarz N, Langowski J (2009) Structural variability
of nucleosomes detected by single-pair Förster resonance energy
transfer: histone acetylation, sequence variation, and salt effects. J
Phys Chem B 113: 2604–2613. doi:10.1021/jp7114737.
23. Choy JS, Wei S, Lee JY, Tan S, Chu S et al. (2010) DNA methylation
increases nucleosome compaction and rigidity. J Am Chem Soc 132:
1782–1783. doi:10.1021/ja910264z. PubMed: 20095602.
24. Jimenez-Useche I, Yuan C (2012) The effect of DNA CpG methylation
on the dynamic conformation of a nucleosome. Biophys J 103: 2502–
2512. doi:10.1016/j.bpj.2012.11.012. PubMed: 23260052.
25. Bertin A, Leforestier A, Durand D, Livolant F (2004) Role of histone tails
in the conformation and interactions of nucleosome core particles.
Biochemistry 43: 4773–4780. doi:10.1021/bi036210g. PubMed:
15096046.
26. Brower-Toland B, Wacker DA, Fulbright RM, Lis JT, Kraus WL et al.
(2005) Specific contributions of histone tails and their acetylation to the
mechanical stability of nucleosomes. J Mol Biol 346: 135–146. doi:
10.1016/j.jmb.2004.11.056. PubMed: 15663933.
27. Bertin A, Renouard M, Pedersen JS, Livolant F, Durand D (2007) H3
and H4 histone tails play a central role in the interactions of
recombinant NCPs. Biophys J 92: 2633–2645. doi:10.1529/biophysj.
106.093815. PubMed: 17237203.
28. Tóth K, Brun N, Langowski J (2006) Chromatin compaction at the
mononucleosome level. Biochemistry 45: 1591–1598. doi:10.1021/
bi052110u. PubMed: 16460006.
29. Ferreira H, Somers J, Webster R, Flaus A, Owen-Hughes T (2007)
Histone tails and the H3 αN helix regulate nucleosome mobility and
stability. Mol Cell Biol 27: 4037–4048. doi:10.1128/MCB.02229-06.
PubMed: 17387148.
30. Simon M, North JA, Shimko JC, Forties RA, Ferdinand MB et al. (2011)
Histone fold modifications control nucleosome unwrapping and
disassembly. Proc Natl Acad Sci U S A 108: 12711–12716. doi:
10.1073/pnas.1106264108. PubMed: 21768347.
31. Kelbauskas L, Chan N, Bash R, DeBartolo P, Sun J et al. (2008)
Sequence-dependent variations associated with H2A/H2B depletion of
nucleosomes. Biophys J 94: 147–158. doi:10.1529/biophysj.
107.111906. PubMed: 17933873.
32. Mangenot S, Leforestier A, Vachette P, Durand D, Livolant F (2002)
Salt-induced conformation and interaction changes of nucleosome core
particles. Biophys J 82: 345–356. doi:10.1016/S0006-3495(02)75399-
X. PubMed: 11751321.
33. Dyer PN, Edayathumangalam RS, White CL, Bao Y, Chakravarthy S, et
al. (2003) Reconstitution of nucleosome core particles from
recombinant histones and DNA. In: CD AllisC Wu. Methods in
Enzymology, volume 375. Academic Press. pp. 23–44.
34. Luger K, Rechsteiner TJ, Richmond TJ (1999) Preparation of
nucleosome core particle from recombinant histones. In: M PaulAPW
Wassarman. Methods in Enzymology, volume 304. Academic Press.
pp. 3–19.
35. Godde JS, Wolffe AP (1995) Disruption of reconstituted nucleosomes
the effect of particle concentration, MgCl2 and KCl concentration, the
histone tails, and temperature. J Biol Chem 270: 27399–27402. doi:
10.1074/jbc.270.46.27399. PubMed: 7499192.
36. Howell SC, Andresen K, Jimenez-Useche I, Yuan C, Qiu X (2013)
Elucidating Internucleosome Interactions and the Roles of Histone
Tails. Biophys J 105: 194–199. doi:10.1016/j.bpj.2013.05.021. PubMed:
23823239.
37. Nielsen SS, Toft KN, Snakenborg D, Jeppesen MG, Jacobsen JK et al.
(2009) BioXTAS RAW, a software program for high-throughput
automated small-angle X-ray scattering data reduction and preliminary
analysis. J Appl Crystallogr 42: 959–964. doi:10.1107/
S0021889809023863.
38. Petoukhov MV, Franke D, Shkumatov AV, Tria G, Kikhney AG et al.
(2012) New developments in the ATSAS program package for small-
angle scattering data analysis. J Appl Crystallogr 45: 342–350. doi:
10.1107/S0021889812007662.
39. Svergun D, Barberato C, Koch MHJ (1995) CRYSOL – a program to
evaluate X-ray solution scattering of biological macromolecules from
atomic coordinates. J Appl Crystallogr 28: 768–773. doi:10.1107/
S0021889895007047.
40. Hall MA, Shundrovsky A, Bai L, Fulbright RM, Lis JT et al. (2009) High
resolution dynamic mapping of histone-DNA interactions in a
nucleosome. Nat Struct Mol Biol 16: 124–129. doi:10.1038/nsmb.1526.
PubMed: 19136959.
41. Voltz K, Trylska J, Calimet N, Smith JC, Langowski J (2012)
Unwrapping of nucleosomal DNA ends: A multiscale molecular
dynamics study. Biophys J 102: 849–858. doi:10.1016/j.bpj.
2011.11.4028. PubMed: 22385856.
42. Wang X, Moore SC, Laszckzak M, Ausió J (2000) Acetylation increases
the a-helical content of the histone tails of the nucleosome. J Biol Chem
275: 35013–35020. doi:10.1074/jbc.M004998200. PubMed: 10938086.
43. Zhou J, Fan JY, Rangasamy D, Tremethick DJ (2007) The nucleosome
surface regulates chromatin compaction and couples it with
transcriptional repression. Nat Struct Mol Biol 14: 1070–1076. doi:
10.1038/nsmb1323. PubMed: 17965724.
44. Nurse NP, Jimenez-Useche I, Smith IT, Yuan C (2013) Clipping of
Flexible Tails of Histones H3 and H4 Affects the Structure
and Dynamics of the Nucleosome. Biophys J 104: 1081–1088. doi:
10.1016/j.bpj.2013.01.019. PubMed: 23473491.
SAXS/FRET of NCP: Stability Effects of H3/H4 Tails
PLOS ONE | www.plosone.org 9 November 2013 | Volume 8 | Issue 11 | e78587
